The application of exogenous proline and glycinebetaine (betaine) confers salt tolerance on plants under salt stress. The effects of exogenous proline and betaine on apoplastic flow in rice plants under saline conditions were investigated using trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS), an apoplastic tracer. Rice plants took up more PTS under light conditions than under dark conditions. Salt stress increased PTS uptake and Na þ content of rice leaves, but did not affect K þ content, resulting in a lower K þ /Na þ ratio. Addition of proline or betaine to the saline medium suppressed Na þ -induced PTS uptake and Na þ accumulation, while the K þ content was slightly increased, which led to a high K þ /Na þ ratio under saline conditions. These results suggest that exogenous proline and betaine suppressed Na þ -enhanced apoplastic flow to reduce Na þ uptake in rice plants.
The application of exogenous proline and glycinebetaine (betaine) confers salt tolerance on plants under salt stress. The effects of exogenous proline and betaine on apoplastic flow in rice plants under saline conditions were investigated using trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS), an apoplastic tracer. Rice plants took up more PTS under light conditions than under dark conditions. Salt stress increased PTS uptake and Na þ content of rice leaves, but did not affect K þ content, resulting in a lower K þ /Na þ ratio. Addition of proline or betaine to the saline medium suppressed Na þ -induced PTS uptake and Na þ accumulation, while the K þ content was slightly increased, which led to a high K þ /Na þ ratio under saline conditions. These results suggest that exogenous proline and betaine suppressed Na þ -enhanced apoplastic flow to reduce Na þ uptake in rice plants.
Key words: apoplastic flow; proline; rice; salt stress; trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS) Salinity is one of the major abiotic stresses that adversely affect crop growth and productivity. 1) Since about 20% of irrigated agricultural land is negatively affected by salinity and about 10 Â 10 6 ha of irrigated land are thought to be damaged every year, improvements in the salt tolerance of crops are necessary to increase productivity. 2, 3) Although salt tolerance mechanisms have not fully been understood, it is thought that the main reasons for losses in higher-plant growth are osmotic damage and ion cytotoxicity. 4) Plant cells maintain osmotic balance using compatible solutes, but salinity causes perturbation of water potential in plant cells. This perturbation leads physiological problems in salt stressed plants because water functions as a solvent, an electron donor in the Hill reaction, and a coolant. 5) Salinity also causes ionic stress, that is, it decreases the ratio of K þ to Na þ in plant cells. 6, 7) In addition, salinity causes lipid peroxidation in plant cells, causes many metabolic disturbances in plants, and impairs various enzymatic reactions. [8] [9] [10] [11] Rice, one of most important crops, is moderately sensitive to salinity. 12) In most plants, radial transport of Na þ to the root xylem occurs via a symplastic pathway involving loading transporters, 13) but in rice there is a quite separate route that leads to the passage of salts from roots to leaves and allows accumulation to toxic levels, namely, apoplastic flow. 14) Apoplastic flow tracers such as the fluorescent compound PTS (8-hydroxy-1,3,6-pyrenetrisulphonic acid) have been used to examine apoplastic flow. 15) In rice, apoplastic flow is of major importance in Na þ uptake. 14, 16) The apoplastic flow from root to shoot is enough to account for the accumulation of Na þ in the leaves of rice. 6, 17) Sodium ions increased apoplastic flow and decreased transpiration, in which stomatal movement is closely involved. 18) These results indicate that water can move via the apoplastic pathway and the symplastic and transmembrane pathways.
Proline and betaine play a role as compatible solutes against salt stress, and also act as protectants of membranes, enzymes, and other proteins. [19] [20] [21] Rice plants accumulate proline under salt stress. Rice synthesizes proline but not betaine, 22, 23) whereas some salttolerant plants accumulate betaine under salt stress. 24) Moreover, previous reports suggest that exogenous proline and betaine protect enzymes, scavenge free radicals, and prevent oxidation under salt stress, [9] [10] [11] 20, 25) but it is not fully understood how exogenous proline and betaine alleviate salt stress.
In this study, we investigated the effects of exogenously applied proline and betaine on apoplastic flow and the concentrations of Na þ , K þ , proline, and betaine in rice plants under saline conditions in order to clarify the roles of proline and betaine in the salt tolerance mechanism.
Materials and Methods
Plant material and growth. Seeds of rice (Oryza sativa L., cv. Nipponbare) were washed with 10% H 2 O 2 and thoroughly rinsed with distilled water. The washed seeds were placed on water-soaked filter paper in a Petri dish. The Petri dishes were sealed with a strip of Parafilm to prevent water vaporization, and were incubated in a growth room (a 12-h-light/30 C and 12-h-dark/25 C regime and a photon influence rate of 80 mmol m À2 s À1 ) for germination. After 7 d of incubation, the seedlings were transferred from the dish to a floating net so that only the roots of the rice plants could be dipped in Kimura Evaluation of apoplastic flow. Apoplastic flow was evaluated using a membrane-impermeable fluorescent dye, trisodium salt of 8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS). The seedlings were treated with Kimura B solution containing 300 mg/l (30, 90, 120, 240 mg/l also used to examine concentration dependency) of PTS solution, with and without 25 mM NaCl, in the presence and the absence of 1 or 5 mM proline or betaine for 12 h (3, 6, 9 h also used in the time course experiment) under light conditions, (dark condition also used in the time course experiment). Excised entire leaves were chopped into small pieces and put into a 0.5-ml Eppendorf tube. The sample in the tube was repeatedly frozen and thawed 3 times at À80 C for 30 min and kept at room temperature for 30 min. After the freeze-thaw cycle, the sample was ground with a plastic pestle under ice cooling, followed by puncturing at the bottom of the tube with a syringe needle, so that extracted fluid dropped through the opening at the following centrifugation step. The punctured 0.5-ml tube with the sample was placed in a 1.5-ml Eppendorf tube, and then centrifuged at 15;000 Â g for 10 min at 4 C. After centrifugation, an aliquot (20 ml) of gathered sap in the bottom of the outer tube was diluted with distilled water to adjust the volume to 3 ml. The fluorescence of PTS in the sap was measured at ex ¼ 403 nm and em ¼ 510 nm with a fluorescence spectrophotometer (model F-2500, Hitachi, Tokyo). Each experiment was repeated five times at least.
Determination of total Na
þ and K þ contents of the leaves. The leaves of the treated rice plants were harvested and weighed. Na þ and K þ in the leaves were extracted in 5 ml of 100 mM acetic acid at 90 C for 2 h, as described previously.
6) The amounts of Na þ and K þ were determined with a atomic absorption spectrometer (model 6100, Hitachi, Japan).
Determination of proline content. Proline was measured as described previously. 27) A leaf sample (50 mg) was frozen with liquid nitrogen and then ground with mortar and pestle. After 1.5 ml of 3% aqueous sulfosalicylic acid was added to the sample homogenate, it was centrifuged at 12;000 Â g for 15 min at 4 C. The supernatant (200 ml) was reacted with 2 ml of acetic acid and 2 ml of acid ninhydrin for 1 h at 100 C. Acid ninhydrin was prepared by dissolving 1.25 g of ninhydrin in 30 ml of acetic acid and 20 ml of 6 M phosphoric acid with agitation under heating. The reaction was terminated with ice cooling. The reaction mixture was supplemented with 1 ml of toluene and mixed vigorously. The absorbance of the upper phase was measured at 520 nm using a spectrophotometer (model UV-2400 PC, Shimadzu, Kyoto, Japan).
Determination of betaine content. The amounts of betaine were measured as previously reported. 28) Rice leaves (50 mg) were frozen with liquid nitrogen and thoroughly ground. The homogenate was added to 5 ml of distilled water and this was mechanically shaken (200 rpm) at 25 C for 24 h. The mixture was filtered through a 0.22 mm filter (model SLGS033SS, Millipore, Bedford, MA) and diluted 1:1 with 2 N H 2 SO 4 . Aliquots (0.5 ml) of the solution in a 1.5-ml Eppendorf tube were cooled on ice for 1 h and supplemented with 0.2 ml of cold KI-I 2 reagent. After gentle stirring, the mixture was kept at 4 C overnight. The precipitate was collected by centrifugation at 12;000 Â g at 4 C for 15 min. The precipitate was dissolved in 5 ml of 1,2-dichloroethane, and then the absorbance of the solution was measured at 365 nm after 2 h using a spectrophotometer (model UV-2400 PC, Shimadzu, Kyoto, Japan).
Statistical analysis. Data were analyzed by ANOVA, and mean values were compared by the Tukey test. Differences at p < 0:05 were considered significant.
Results

Effects of light on PTS uptake into leaves of rice plants under non-stress conditions
The apoplastic flows in rice leaves (Oryza sativa L., cv. Nipponbare) under light and dark conditions at 3, 6, 9 and 12 h were estimated using 300 mg/l of 8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS) as the tracer. Figure 1A shows the fluorescence spectrum of extracts from the leaves of rice plants under the light condition. The maximum fluorescence intensities are plotted in Fig. 1B . The fluorescence intensity of the extract increased with increasing incubation time (Fig. 1A, B) , but PTS uptake was substantially slower under the dark condition (Fig. 1B) than under the light condition (Fig. 1B) . The light condition was employed in subsequent experiments.
Dependency of the PTS concentration in the nutrient solution on PTS uptake into the rice plants After a 14-d incubation in the nutrient solution without PTS, the rice plants were transplanted to the fresh nutrient solution containing 30 to 300 mg/l of PTS at the beginning of the light period, and were left for 12 h under the light condition to uptake PTS. PTS uptake in the leaves increased linearly along with increases in the exogenous PTS concentration (R 2 ¼ 0:93) (Fig. 2) . PTS uptake into the leaves was not saturated even when 300 mg/l of PTS was added to the nutrient solution. We A, Spectrum of PTS in rice plants at 3, 6, 9 , and 12 h after 300 mg/l of PTS loading under the light condition. B, Time course of PTS uptake in rice plants at 3, 6, 9 , and 12 h after 300 mg/l of PTS loading under the light ( ) and the dark ( ) condition, and after 300 mg/l of PTS and 25 mM NaCl loading under the light condition ( ). Each value was obtained from more than five experiments. Error bars represent standard deviation. AU means arbitrary unit.
applied 300 mg/l of PTS to the nutrient solution in subsequent PTS uptake experiments.
Effect of salt stress on apoplastic flow of rice plants We investigated the effect of salt stress on PTS uptake (Fig. 1B) . The rice plants were cultured in a non-stress solution for 14 d, and then were transplanted to a saltstress solution containing 300 mg/l of PTS. Leaves were harvested at 3, 6, 9, and 12 h after transplantation. The NaCl-treated rice plants took up PTS (Fig. 1B) in a time-dependent manner (R 2 ¼ 0:92). NaCl increased the PTS uptake rate by 91.2%, indicating that salt stress increased apoplastic flow in the rice plants.
Effect of salt stress on Na þ content of the leaves of rice plants
The Na þ content of the leaves of the NaCl-stressed rice plants was measured at 3, 6, 9, and 12 h, after transplantation to the nutrient solution containing 25 mM NaCl under the light condition (Fig. 3) . The Na þ content of the leaves increased with time (R 2 ¼ 0:96) as well as PTS uptake (Fig. 1B) .
Effects of exogenous proline and betaine on PTS uptake under salt stress
The effects of exogenous proline and betaine on PTS uptake into the leaves of the rice plants under salt stress were investigated. Salt stress significantly increased PTS uptake into the rice leaves about 2-fold (Figs. 1B and 4) . Exogenous proline at 1 and 5 mM significantly decreased PTS uptake into the salt-stressed rice plants, by 70.8% and 69.6% respectively. The application of 1 and 5 mM betaine also significantly reduced PTS uptake into the salt-stressed plants, by 54.8% and 62.3% respectively. Exogenous proline and betaine also suppressed PTS uptake in the non-stressed plants (data not shown).
Effects of exogenous proline and betaine on Na
þ and K þ contents of the rice plants The Na þ content of the leaves of the rice plants under salt stress was measured (Fig. 5A) . Salt stress significantly increased Na þ content of the rice leaves, approximately 2-fold. Exogenous proline at 1 and 5 mM significantly decreased the Na þ content of the salt-stressed rice plants, to half. Like proline, betaine significantly reduced the Na þ content of the salt-stressed plants, to the control level. K þ content of the leaves of the rice plants under salt stress was measured (Fig. 5B) . Salt stress did not affect the K þ content of the rice leaves. Proline and betaine at 1 mM did not affect the K þ contents of the stressed plants, but proline and betaine at 5 mM slightly increased the K þ content of the stressed plants. The ratio of K þ to Na þ (K þ /Na þ ratio) was calculated from the Na þ and K þ contents. Salt treatment significantly reduced the K þ /Na þ ratio, from 27:9 AE 2:97 to 17:2 AE 1:40 in the leaves of the rice plants. Exogenous application of proline at 1 mM and 5 mM significantly lessened the reduction of K þ /Na þ ratio induced by salt stress. Betaine application at 1 mM and 5 mM significantly lessened the reduction of the K þ /Na þ ratio induced by salt stress.
Proline and betaine contents of the rice plants
The proline and betaine contents of the leaves of the rice plants were measured (Fig. 6A, B) . Salt stress did not increase proline content of the rice leaves in the absence of exogenous proline. Exogenous application of proline at 1 mM and 5 mM significantly increased the proline content of the leaves of the stressed plants, but exogenous betaine did not increase the proline content The Na þ contents of rice plants were measured at 3, 6, 9, and 12 h after transplantation to a nutrient solution including 25 mM NaCl. Each value was obtained from more than five experiments. Error bars represent standard deviation. of the leaves of the stressed plants (Fig. 6A) . As expected, no betaine was detected in the leaves of control or salt-stressed rice plants (Fig. 6B) . The application of exogenous betaine at 1 and 5 mM caused an accumulation of betaine in the leaves of the rice plants under salt stress (Fig. 6B) .
Discussion
In most plants, radial transport of Na þ to the root xylem is mediated by a symplastic pathway including transporters. 13) In contrast to these plants, rice plants employ an apoplastic transpirational bypass pathway for Na þ transport. 14, 17) Separately, exogenous application of proline or betaine mitigates the detrimental effects of salt stress. [9] [10] [11] 20) In this study, the effects of exogenous proline and betaine on the apoplastic pathway in rice (Oryza sativa L., cv. Nipponbare) plants under salt stress conditions were investigated using trisodium-8-hydroxy-1,3,6-pyrenetrisulphonic acid (PTS), an apoplastic tracer, in order to clarify role of proline and betaine in the salt tolerance of rice plants.
PTS uptake under the light condition and ion contents PTS uptake into the leaves of the rice plants under the light condition was faster than under the dark condition (Fig. 1B) , indicating that apoplastic flow was accelerated by light irradiation. One of the reasons may be light-induced stomatal opening to increase the transpiration rate under light. 29) In contrast, the dark condition induced stomatal closure, which can result in essentially no transpirational stream.
Many reports have demonstrated that there is a strong relation between Na þ uptake and PTS uptake into leaves, and that salinity accelerates PTS uptake. 14, 16, 17) In this study, PTS uptake was accelerated by salt stress (Fig. 1B) , and uptake of both PTS and Na þ increased similarly in a time-dependent manner (Figs. 1B and 3) . Our results are consistent with previous reports. 14, 30) Salt stress increased Na þ accumulation in the leaves (Fig. 5A ), but did not change the K þ content of the leaves (Fig. 5B) , resulting in a low ratio of K þ to Na þ . These results are consistent with previous reports. 31, 32) Taken together, these results indicate that apoplastic flow dominantly transports Na þ rather than K þ . Na þ -specific uptake can be attributed to K þ specific absorption by cells via K þ transporters and/or Na þ specific excretion by cells via Na þ /H þ antiporters.
Effects of exogenous proline and betaine on apoplastic flow and ion contents of the leaves Exogenous proline and betaine mitigated the detrimental effects of salt stress by up-regulating stressprotective proteins, preventing photoinhibition and reducing lipid peroxidation and protein oxidation. 9, 25, [33] [34] [35] We have found that both exogenous proline and exogenous betaine mitigate inhibition of the growth of tobacco BY-2 cells by NaCl, and that the mitigating effect of proline is stronger than that of betaine. [9] [10] [11] In this study, effects of proline and betaine on apoplastic flow, which is involved in Na þ uptake into leaves of salt-stressed plants, were investigated using PTS.
The experiment using an apoplastic tracer, PTS, indicates that exogenous application of proline and betaine significantly suppresses apoplastic flow (Fig. 4) , and that proline and betaine also reduce Na þ contents (Fig. 5A) under salt stress. Taken together, these results suggest that proline and betaine affect apoplastic flow to reduce Na þ uptake via apoplastic flow as well as silica and polyethylene glycol. 36, 37) However, it cannot be expected that concentrations of proline and betaine higher than 30 mM would cause further suppression of PTS and Na þ uptake, since proline and betaine maximally mitigate salt stress around 10 to 30 mM. 20, 38) Moreover, proline suppressed the uptake of PTS and Na þ into the rice leaves more effectively than betaine did, in a good agreement with our previous results, observed in Na þ -stressed tobacco BY-2 cells. 10, 11, 25, 35) How do proline and betaine suppress apoplastic flow?
Yeo et al. have demonstrated that silica suppresses transpirational bypass flow, and they suggest that silica forms a gel in the root apoplast, resulting in a physical block of bypass flow in rice. 6) Ochiai and Matoh have demonstrated that polyethylene glycols (PEGs) reduce the apoplastic flow to suppress Na þ transport to the shoots, suggesting that PEGs interact with macromolecules through hydrogen bonding in the diffusion pathway for Na þ . 36) Proline and betaine also reduced apoplastic flow in rice regardless of Na þ stress (Fig. 4) . However, neither proline nor betaine is likely to form a gel in the apoplast. Separately, in stressed plants, proline and betaine are thought to function as protectants through interaction with macromolecules, proteins, and lipids. 39, 40) In addition, salinity increased the proline and betaine contents, suggesting that proline and betaine were taken up via apoplastic flow, because the proline contents did not drastically increase under these conditions (Fig. 6A) and betaine is not synthesized by rice plants. Therefore, proline and betaine might suppress apoplastic flow through interaction with macromolecules in the apoplastic space.
In conclusion, exogenous proline and betaine reduce apoplastic flow to suppress Na þ uptake in rice plants. This response may be one of the early responses to salt stress, accounting for the mitigating effects of exogenous proline and betaine on salt stress.
